The collective dynamics of the nascent polypeptide exit tunnel are investigated with the computationally efficient elastic network model using normal mode analysis. The calculated normal modes are considered individually and in linear combinations with different coefficients mimicking the phase angles between modes, in order to follow the mechanistic motions of tunnel wall residues. The low frequency fluctuations indicate three distinct regions along the tunnel -the entrance, the neck and the exit -each having distinctly different domain motions. Generally the lining of the entrance region moves in the exit direction, with the exit region having significantly larger motions, but in a perpendicular direction, whereas the confined neck region generally has rotational motions. Especially the universally conserved extensions of ribosomal proteins L4 and L22 located at the narrowest and mechanistically strategic region of tunnel undergo generally antior non-correlated motions, which may have an important role in nascent polypeptide gating mechanism. These motions appear to be sufficiently robust so as to be unaffected by the presence of a peptide chain in the tunnel.
Introduction
In bacteria, proteins are synthesized at the core of ribosome large subunit 50S at the peptidyl transferase center (PTC). Despite the existence of several gates within the structure,1 the nascent polypeptide chain emerges through the ribosomal tunnel having ∼15Å diameter and ∼100Å long2 (Fig. 1) . After the first evidence from low-resolution density maps from electron microscopy3 , 4 and the monitoring of a nascent polypeptide emerging through an attached polypeptide conducting channel,5 the dynamics of the exit tunnel and the mechanism of nascent polypeptide secretion have been an important subject for the understanding of protein synthesis1 , 6 -10.
The ribosomal tunnel wall is formed mainly from 23S rRNA and several ribosomal proteins, leading to the assumption of its having a 'non-sticky' property that allows for the passage of any polypeptide.11 However, at the narrowest part of tunnel not far from the PTC, highly conserved extensions of ribosomal proteins L4 and L22 function as a discriminating gate for specific nascent chains that can cause ribosomal stalling.12 , 13 In addition, this region is a dynamic area with an open diameter of ∼16-20Å and a closed diameter of ∼10Å conformations imaged with Cryo-electron microscopy (EM) of ligand bound/unbound and L4-L22 mutated structures.1 Furthermore, other mutation studies on the conserved L4 and L22 tips have revealed the erythromycin-resistance of Escherichia Coli , 14 and the binding of a macrolide to the tunnel entrance, which is observed to trigger the 'swing motion' of the conserved β-hairpin of L22 to block the nascent polypeptide passage7. These findings altogether imply the special importance of L22 in the control and channeling of the nascent polypeptide through the exit tunnel. 6 , 7 , 15 Along with biological evidence8 , 10 , 16 and computational results17 supporting entropic stabilization of α-helical structures in the ribosomal tunnel, experimental data pointed to possible secondary structure folding zones of the tunnel9. However, any tertiary structure would seem not to fit due to simple geometrical restrictions,2 but the deformability of the tunnel is an important issue in this regard. On the other hand, the proteins at the tunnel exit, L22, L23, L24 and L29 are strategically located to interact with membrane proteins,18 , 19 chaperone trigger factor20 , 21 and signal recognition particle,22 and point out the possibility that their interactions could affect the tunnel deformations and control the folding process.
The different aspects of the ribosome complex dynamics and its constituents have been investigated using various computational approaches such as full-atom molecular dynamics, 23 coarse-grained molecular dynamics,24 normal mode analysis using a coarse-grained potential,25 , 26 elastic network model namely anisotropic network model27 , 28 and combining experimental observations with computational methods29. However, the ribosomal exit tunnel collective motions have not been yet explored computationally at least to our knowledge.
In this study, we explore the harmonic dynamics of the ribosomal tunnel wall with the coarse-grained elastic network model, using the bacterial ribosome 70S in its complex with mRNA, and three tRNAs alone. The motions are modeled with the anisotropic elastic network model30 based on simple harmonic interactions within a structure-based threedimensional network from crystallographic data.
Previously the elastic network approach has been applied successfully to extract the slow motions of supramolecular assemblages, including the ribosome27 and the chaperone GroEL-GroES31 , 32 using coarse-grained model. Even higher levels of coarse-graining, i.e. lower resolutions, result in similar collective dynamics,33 -35 which indicates that the macromolecular structures exert exquisite control to limit the motions to the most important functional dynamics, reflecting the highly cohesive nature of these structures. For example the ribosome's computed slowest motions27 overall correspond closely to the ratchet motions as observed in the electron micrograph images of the Frank group36. The principal internal motions within the ribosome during this ratchet motion correspond to the translational motion of the mRNA and tRNAs in the well-known functional direction to facilitate the reading of the genetic code. These prior experiences provide the foundation and justification for the present deeper investigation of the ribosome internal motions.
Our elastic networks calculations point to three distinct regions along the exit tunnel, which we denote as the entrance, the neck and the exit zone, each having distinctively different domain motions in the slow modes of motion. After the normal modes of the elastic network model are obtained for the low frequency spectrum, they are linearly combined with different coefficients to mimic the possible phase angle differences between these modes. Our analysis especially focuses on the narrow gate of the tunnel encompassing the extensions of the ribosomal proteins L4 and L22, and several observations which may play role on the direct control of the nascent polypeptide exit process are reported.
Methods

Elastic Network Modeling
The anisotropic elastic network model30 is a three-dimensional elastic network model that includes the directionality of the residue fluctuations. Our coarse-grained description of the native structure includes representations of amino acids and nucleotides as single geometric points at the actual positions of the C α and P atoms, respectively.27 Neighboring nodes are linked pairwise with harmonic springs, throughout the network, with the total potential energy calculated to be dependent on the displacements of each point in the structure in the form of (1) where the Heaviside step function h(x) is 1, if R ij , the distance between the (i,j) pair falls within a cutoff distance r c , but 0 otherwise. For the ribosome protein-RNA complex, r c = 15Å has been found to be suitable for C α -C α pairs and 24Å for all other types of pairs 27 since the cutoff distance should be increased for larger node sizes in order to maintain a similar level of cooperativity by adjusting the number of interactions and connectivity in terms of pairwise interactions in the elastic network. This adjustment of the cutoff distance has been demonstrated to be a satisfactory approach when hierarchical levels of coarsegraining are applied to extract the collective motions of folded proteins.33 Similarly, for the available low-resolution ribosome structure, P and C α atoms represent different sized nodes: a nucleotide and an amino acid, respectively, necessitating the use of different cutoff values 27. ΔR i is the fluctuation in the position vector R i of residue i (i=1, ‥, N), and the harmonic spring force constant γ is identical (taken as one in this study) for all interactions within the system.
The total potential energy can be also represented in Gaussian form, (2) where ΔR is the fluctuation in position vector matrix, T is the transpose, and H is the Hessian matrix, or the force constant matrix. After the diagonalization of H, the calculation of 3N-6 normal modes and the respective eigenvalues leads to the collective dynamics of the elastic network at low frequencies, known to be important for biological function.37
Then, mean-square fluctuation of the i th residue averaged over k non-zero normal modes is given by (3) where λ k is the eigenvalue of i th residue with displacement vector u ik at k th non-zero normal mode.
As the diagonalization of the (3N × 3N) Hessian matrix (dimension 29,361 × 29,361 in this study) represents a large computational task to derive the displacement vectors of all N = 9,787 residues of the ribosome complex, the computationally efficient software BLZPACK38 using the Lanczos algorithm39 is used to calculate just the first twenty normal modes.
Results and Discussion
The collective motions of the ribosome complex are computed with the coarse-grained elastic network model using the normal mode analysis. Among the several structures available for the ribosome complex,40 , 41 the structure at 5.5Å resolution42 is one of the most complete including mRNA, three tRNAs and large mobile stalks. Therefore, in this study, as an extension of our earlier work,27 the crystal structure of the ribosome in its complex with tRNAs and mRNA taken from the protein data bank (PDB)43 codes 1GIY (large subunit 50S) and 1GIX (small subunit 30S, three tRNAs and mRNA)42 is modeled, and the collective dynamics around the native structure are computed.
For analysis of the slow mode dynamics, the ribosomal tunnel volume elements have been extracted from the low-resolution crystal structure of the large subunit using the program 3 V based on spherical probes searching for solvent accessible areas.2 The exit tunnel conformations are displayed via the coarse-grained residues within 10Å of the tunnel wall (379 residues in total) ( Fig. 2(a) ). Principal component analysis is used to place the y-axis onto the tunnel nascent polypeptide exit route, and to sort the residue indices accordingly in −y direction. As a result, the residues located around the tunnel have been renumbered starting from the entrance down to the exit. The extracted tunnel, formed mainly of the 23S rRNA with several ribosomal proteins' extensions, has a funnel shape with small secondary openings to solvent observed in the Cryo-EM.1
Domains of the exit tunnel observed from slow modes
The ribosomal tunnel, embedded within the large subunit 50S, undergoes translational motions in the slow normal modes, rather than contracting/ expanding motions (based on visual analysis of the first ten slowest modes). From the first twenty cumulative mode directional vectors cross-correlations, two major zones are observed: (i) the entrance including the PTC; (ii) the neck comprising the narrowest region with extensions of proteins L4 and L22, and the broad region near the exit (Fig. 2) . Based on the strong orientationalcorrelation coefficients within residues 250-379, the latter region is also sub-divided into two sub-domains as the neck and exit regions.
The exit domain exhibits high amplitude motions compared to the rest of the tunnel, observed from mean-square (ms) fluctuations averaged over the slowest twenty modes (Fig.  3) . Collective motions in the first five normal modes show that in general the entrance region moves downwards (along the long y-axis of the tunnel) whereas the residues at the tunnel exit prefer to move in a direction perpendicular to the exit route. Motions of the neck region are relatively more mixed and include twisting, tangential and radial motions (Fig. 3) . Since the ribosome is a huge complex, more than one rotational axis exists in each vibrational mode. One interesting finding is that the rotational axis closest to the exit tunnel is generally located at the narrowest gate near the ribosomal proteins L4 and L22 (Fig. 3 , third, fourth and fifth modes, axis shown by a red x mark or a red dotted line).
The inner dot product (i.e. orientational correlation) between the displacement vectors u of i th and j th residues for each of the first twenty normal modes k is calculated for the entrance and exit domains.
The aim is to observe whether the entrance and exit domains remain cohesive in each normal mode k. Figure 4(a)-(b) shows the distribution of the positively correlated (>0.7) residue pair fractions over the first twenty normal modes for the entrance (Fig. 4(a) ) and exit zones (Fig. 4(b) ). For example in Figure 4 (a), in eight normal modes, 90% of residues in the entrance domain fluctuate in same direction. Both entrance and exit regions move as a domain, and a low fraction (0.4) of positive correlation usually corresponds to rotation around an axis (for example in the fourth and fifth modes in Fig. 3 ). Recent experimental studies have determined three "folding zones" in the ribosomal tunnel, two of which (one close to the PTC and the other at the exit) have an impact on helix formation in a specific nascent polypeptide, with the middle zone having a lower impact.9 Remarkably, our three domains correspond roughly to these folding zones, with our neck region being shorter than the middle zone.
In contrary to cohesive motions of the entrance and the exit domains, more complex fluctuations are observed for the neck region acting as a transition zone between the two domains. In general, the collective motions of the tunnel wall indicate that the residues around the narrowest gate (Fig. 3) prefer to oscillate in the exit direction, such that the nascent polypeptide is directed (pushed) through the tunnel. Due to their location, the ribosomal proteins L4 and L22 are especially of interest. For example, in first three normal modes, the tips of the L4 (residues Phe61-Ala68) and L22 (residues Leu86-Ala93) move together (with a correlation of ∼0.90), whereas in the fourth and fifth modes their motions are anti-correlated or perpendicular (∼ -0.55 -0.10 according to residue location).
Over most of the first twenty normal modes, the tip of the protein L22 β-hairpin (residue Arg90) is positively correlated (correlation > 0.5) with the neighboring residues across the tunnel wall as partially shown in Figure 5 (middle panel). The bases neighboring Arg90 are U464, A1614 and U2017 (shown as orange spheres) on the 23S rRNA and Phe61 (shown as a magenta sphere) on protein L4 in Figure 5 . The bases U464 and A1614 generally move with Arg90, whereas the residues across the tunnel wall, U2017 and Phe61, may move in perpendicular and opposite directions to Arg90 in a few of the slowest normal modes.
These motions in the neck region may be meaningful in terms of the gating and signaling mechanism along the polypeptide exit tunnel during protein synthesis. Furthermore, the conformational changes of the L22 β-hairpin for several normal modes (for example the fifth mode in Fig. 3) , show that the residues located at the base of the hairpin (Arg84-Leu86 and Ala93-Ile95) are not positively correlated with the tip region of the hairpin (residues Pro87-Arg92). This observation conforms previous experimental results that indicated that the L22 β-hairpin undergoes a 'swing motion' around a hinge region (Arg84-Leu86 and Ala93-Ile95).7
The residues at the tunnel exit undergo relatively large harmonic motions at low frequencies since they are located at the periphery of the 50S subunit. This motion may play an important role in polypeptide secretion through the tunnel to the cytoplasm or in proteinprotein interactions with accessory membrane and trigger factor proteins.
Dynamics of the tunnel in presence of a nascent polypeptide
A polypeptide chain of 25 residues of random sequence is inserted in the tunnel to investigate its effect on the collective ribosomal tunnel dynamics. Following the geometrical restrictions of the tunnel,2 the coarse-grained polypeptide chain has an extended conformation with a short α-helix, and spans the entrance and narrow neck regions of the ribosomal tunnel (Fig. 6(a) ). Based on the first 100 normal modes of the coarse-grained elastic network, there is no significant difference in the cross-correlations of the tunnel residues with and without the nascent polypeptide (Fig. 6(b) ). The difference values in residue correlations are all very low, within the range from -0.06 to 0.03. This result together with the mean-square fluctuations averaged over the first 100 modes (not shown) indicates that the ribosome global motions dictate the embedded tunnel dynamics, being virtually unaffected by the presence of the model polypeptide for the important low frequency motions. However, the effect of the nascent polypeptide on the local dynamics might conceivably be more apparent at higher frequencies. Furthermore, various conformations of the polypeptide chain such as more compact chains could possibly have a slightly different effect on the dynamics of the tunnel. However, overall the dominant slow motions appear to be unaffected in the present case, and are likewise probably little affected by different peptide conformations.
Linearly combined normal modes and resulting dynamics
In sum, biological systems would undergo a superposition of harmonic mode motions with different phase angles. To obtain some further insight into the dynamics of the ribosomal tunnel area, we have combined linearly the first five non-zero normal modes with different coefficients (a i = -1, 0, 1; i=1,…, 5), randomly mimicking phase angles multiplied with the eigenvector sets u i as, (5) leading to k=3 5 eigenvector sets but to (3 5 -1)/2 distinct combined modes.
In a harmonic oscillation, the displacement along the k th normal mode coordinate with time t is given by A k cos(ω k t + ε k ), where A k , ω k and ε k are the corresponding amplitude, vibrational frequency and phase angle, respectively. Our motivation in combining linearly the displacement vectors of the first five normal modes without considering the effect of the vibrational frequencies and amplitudes is based on the fact that their values are close to one another (ω k=1, 5 ratio: 1: 1.07: 1.30: 1.40: 1.56). In order to include the effect of the phase angle, in the extreme cases, the minimum, the equilibrium and the maximum values of the cosine term (-1, 0, 1) have been considered in the calculations, leading to the equation (5).
With the above assumptions, it is then possible to visualize the combined modes and the resulting ribosomal tunnel conformations that could give insight into the polypeptide channeling mechanism during protein synthesis. The current approach is similar to a previous study that generated different receptor conformations for ligand docking. 44 In addition, combining only a few normal modes (5 normal modes in this study) provides some variety and a continuous distribution of motions when compared to a smaller number of normal modes (20 normal modes in this study) (Fig. 5, right and middle panels) .
In Figure 7 , several randomly selected combined modes are shown and coefficients of the eigenvector sets are given in brackets in the order of from the first to fifth modes. For example in the combination {a 1-5 =1, 1, 1, 1, 1} all five normal modes contribute positively. In this pseudo-motion, through the narrowest region of the ribosomal tunnel, a rotation axis passes about which all residues rotate. As noted above for the normal modes, the closest rotation axis to the tunnel is located near the narrow gate in these pseudo-motions.
In the combination {a 1-5 =1, 1, 1, 0, 0} where only first three modes are summed, the β-hairpin of protein L22 oscillates in a tangential motion while the tip of L4 moves in the y direction, such as explicitly directing a nascent polypeptide through the tunnel. Another interesting motion is observed for pseudo-motion {a 1-5 = -1, 0, 1, 1, 0} where the L22 β-hairpin is displaced in a tangential direction with respect to tunnel wall and L4 oscillates perpendicularly to L22 as in a gate opening.
Over the 121 combined modes, correlations between the tip of L22 β-hairpin (Arg90) and the neighboring residues across the tunnel wall namely U464, A1614 and U2017 on the 23S rRNA and Phe61 on the protein L4 are calculated. The closest base to Arg90, A1614 is generally positively correlated with the tip of the hairpin in the combined modes (Fig. 5,  right panel) . On the other hand, U464, U2017 and Phe61 are all positively correlated and in some pseudo-modes move in an anti-correlated way and in a perpendicular direction to Arg90, different from the first twenty normal modes (Fig. 5, middle panel) . The variety of displacements are shown in the pseudo-motions {a 1-5 = 1, 1, 1, 0, 0} and {a 1-5 = -1, 0, 1, 1, 0} in Figure 7 . The perpendicular and anti-correlated motions seem to have an importance in the opening/closing motion of the tunnel entrance observed in various Cryo-EM images,1 that could channel the nascent polypeptide. Domain motions of the entrance and exit regions are investigated for all of the 121 combined modes. In Figure 4(c)-(d) , the distributions of the positively correlated (>0.7) residue pairs fractions over the combined modes for entrance (Fig. 4(c) ) and exit zones (Fig.  4(d) ) are shown. As in the normal modes, these zones move as cohesive domains while small fractions correspond to rotational movements about an axis such as in the pseudomodes {1, 1, 1, 1, 1} and {0, 1, 1, 1, 1} displayed in Figure 7 .
Conclusions
It is interesting to contrast the motions in the ribosome tunnel with the motions of other structures having cavities. The GroEL-GroES structure has a large interior cavity, and as a result it exhibits extremely diverse motions -shearing and stretching in various directions. 31 These are the most diverse motions that we have ever observed for a protein structure. These diverse motions present a strong contrast to those reported here for the ribosome tunnel. The motions of the ribosome tunnel appear to relate much more specifically to its function. The motions of the entrance region of the tunnel moving dominantly in the exit direction clearly relate to the functional processing motions of the ribosome. The rotational motion at the neck and the mixed rotational and perpendicular motions at the exit region would lead to a dispersion of the growing peptide chain.
We have also placed a polypeptide chain of 25 residues including a short α-helix spanning the entrance and neck regions of the ribosomal tunnel to investigate its possible effects on the tunnel dynamics. The result is that there appears to be no significant change in the global motions observed for both the ribosome and the tunnel region including the slowest 100 normal modes. This is consistent with the ribosome controlling its own motions, independently of the growing peptide chain, a behavior that may be required for its robust function.
Understanding ribosomal tunnel dynamics is essential for understanding the mechanism of protein synthesis and in extensions to develop new therapeutics for bacterial infections. Our results suggest that during the harmonic collective dynamics of the ribosome.tRNA 3 .mRNA complex, the ribosomal tunnel goes through different conformations dividing the tunnel into three distinct regions -the entrance together with the PTC, the neck including the narrowest region of tunnel and the exit domain. The entrance domain motions are generally in the direction of nascent polypeptide exit. However, at the narrowest part of tunnel, extensions of ribosomal proteins L4 and L22 usually undergo uncorrelated or anti-correlated motions, which may have relevance for the opening/closing motion of this particular region observed with Cryo-EM1 and the polypeptide gating mechanism7 , 12 , 13. And, another interesting observation is the location of rotational axes usually passing through the narrowest part of the tunnel, for the low frequency motions. Finally the exit region comprising the ribosomal proteins L22, L23, L24 and L29 is highly mobile compared to other parts of tunnel and in some cases, undergoes rotational motion around an axis passing through the tunnel. Bacterial ribosome 70S is comprised of the small 30S subunit (dark gray) and the large 50S subunit (light gray) generated from Protein Data bank43 structures 1GIX and 1GIY42. The mRNA (purple) wraps around the neck of the 30S and the cognate A-, P-and E-tRNAs (orange) are located in a cavity between the two subunits. Amino acids are covalently linked at the peptidyl transferase center (PTC) between the amino acids at the CCA ends of the Aand P-tRNAs with nascent polypeptide emerging through the exit tunnel on the lower right (green). Interestingly this tunnel has a highly distinct shape. All molecular graphics are prepared using PyMol45. (a) Ribosomal tunnel wall (green mesh) extracted with the program 3 V2, with the nearby (within 10Å) proteins (purple) and parts of the 23S rRNA nucleotides (orange) shown. The nascent polypeptide, after passing the narrow gate formed of the highly conserved extensions of L4 and L22, emerges through the tunnel. Principal component analysis is performed to place the y-axis in the orientation of the exit tunnel, and the residue indices are sorted accordingly in −y direction. (b) Orientational cross-correlation map for tunnel wall residues averaged over the first 20 modes. The correlations clearly divide the structure into two distinct parts declined by black squares: the entrance and the rest. The region after the narrow gate can be further divided into neck and exit sub-domains separated by the dotted black lines, as shown in (a). Distribution of the positively correlated (correlation>0.7 using Eq. (4)) residue pairs fractions over the first twenty normal modes for the entrance (a) and exit zones (b). The same distribution is plotted over 121 generated conformations with Eq. (5) for the entrance (c) and exit regions (d). These plots show that the entrance and exit regions move as distinct cohesive domains in the normal modes as well as in the combined modes. Distribution of the dot products between the displacement vectors of the L22 β-hairpin tip residue Arg90 and proximal residues over the first twenty normal modes (middle panel) and for combined-modes (right panel). These neighboring residues to Arg90 are taken as U464, A1614 and U2017 (shown as orange spheres in left panel) on 23S rRNA and Phe61 (shown as magenta sphere) on protein L4. The x-and y-axis of the histograms refer to the correlation within the range of (-1,1) and to the number of normal or combined modes, respectively. (a) A polypeptide (in green) of 25 residues with a random sequence modeled to investigate its possible effect on the ribosomal tunnel dynamics. The location of ribosomal proteins L4 and L22 (purple), and the exit route of the nascent polypeptide (light green arrow) are indicated in the ribbon presentation of the tunnel wall. (b) The cross-correlation plot based on the first 100 normal modes gives the difference between the motions of the tunnel residues with and without the nascent polypeptide in the tunnel, with all differences observed to be extremely small. Displacement vectors of tunnel wall residues calculated from different combinations of first five normal modes (pseudo-motions) computed to explore the possible range of overall motions. For example {1, 1, 1, 0, 0} indicate that only first three normal modes contribute positively to the resulting motion. Coloring is as indicated in Figure 3 .
